Encapsidation of the Moloney murine leukemia virus (MMLV) genome is mediated through a specific interaction between the major viral structural protein, Gag, and an RNA packaging signal, ⌿. Many studies have investigated this process in vivo, although the specific examination of the Gag-RNA interaction in this context is difficult due to the variety of other viral functions involved in virion assembly in vivo. The Saccharomyces cerevisiae three-hybrid assay was used to directly examine the interaction between MMLV Gag and ⌿. In this system, MMLV RNA regions exhibiting high-affinity Gag binding were mapped. All Gag-binding regions were located 3 to the viral splice donor sequence of the viral RNA transcript. No single short RNA sequence within ⌿ supported strong Gag interaction. Instead, an RNA comprised of nearly the entire ⌿ region was necessary to demonstrate an appreciable Gag interaction in the yeast three-hybrid system. These finding support the notion that two stem-loops (C and D) are not sufficient to form a core MMLV encapsidation signal.
Packaging of retrovirus genomes, which amount to only approximately 1% of the total mRNA in the cytoplasm of an infected cell, requires a mechanism to selectively recognize and recruit viral RNAs during virion assembly (8) . This process is mediated by the viral structural protein precursor, Gag, which specifically binds a cis-acting RNA packaging signal (4, 8, 34) . For Moloney murine leukemia virus (MMLV), a single zinc finger and surrounding basic residues in the nucleocapsid (NC) region of the Gag protein are thought to possess the major determinants for the specificity and affinity of the interaction ( Fig. 1A and B) (11, 44) . The MMLV packaging signal, termed ⌿, was originally defined through the characterization of a viral mutant that lacked the ability to package viral RNA and whose genome possessed a large deletion from nucleotides (nt) 210 to 560 ( Fig. 1A and C) (28) . Analysis of viral mutants indicated that sequences downstream of nucleotide position 400 were dispensable for encapsidation, further defining the essential ⌿ region to lie between nt 215 and 400 of the MMLV genome (36) . Although these studies defined the minimal ⌿ region, other reports have suggested the presence of additional RNA packaging signals throughout the MMLV genome (7, 31, 43) .
Numerous techniques, including computer prediction, chemical accessibility, and directed mutagenesis, have been used to determine the secondary structure of the MMLV ⌿ region (2, 23, 42) (Fig. 1C) . Many stem-loops (SL) and tertiary contacts are predicted in this region, with the major structural features designated SL-A through SL-D. Most functional mapping studies of the MMLV packaging signal have involved mutagenesis of the region and characterization of the effects of these mutations on the viral life cycle (17, 29, 30) . These studies have shown a critical role for SL-C and -D, with contributions from upstream elements. Thus, SL-C and -D are considered to contain the core MMLV RNA encapsidation signal.
The region between the MMLV 5Ј long terminal repeat and the start of the Gag open reading frame contains sequences required for tRNA primer binding, reverse transcription, and RNA splicing (13) . The same region appears to be involved in genomic RNA dimerization (15, 20, 32, 35, 42) . The close proximity of all these functional domains to the encapsidation signal may complicate interpretation of in vivo studies of this region, as it is often difficult to ascertain the life cycle stage at which mutations in this area exert their effect. Detailed examination of the MMLV Gag-⌿ interaction would be facilitated by an in vitro system that can directly examine this association out of the context of other viral functions. For other retroviruses, biochemical methods, such as gel shift experiments, have been used to investigate the requirements and kinetics of the protein-RNA association (9, 10) . These types of experiments have proven difficult with MMLV, as purification of MMLV Gag precursor protein retaining specific RNA-binding ability has not been achieved.
The Saccharomyces cerevisiae three-hybrid system (37) has been used to investigate the Gag-RNA packaging signal interaction of other retroviruses, such as Rous sarcoma virus (24) (25) (26) and human immunodeficiency virus type 1 (HIV-1) (5). In this system, a fusion protein of the LexA DNA-binding domain with the phage MS2 coat protein is used to tether an RNA containing MS2-binding sequences and a sequence of interest to the operator of a reporter gene in yeast. A fusion of the Gal4 activation domain (GAD) and an RNA-binding protein can be recruited to the operator and activate transcription of the reporter if the RNA-binding protein specifically interacts with the tethered RNA (12, 37) . Changes to the variable components, the GAD-RNA-binding protein prey or the RNA bait, allow for study of the RNA-binding characteristics of a given protein or the mapping of cis-acting RNA signals. As an example, in the yeast three-hybrid system, a GAD-HIV Gag fusion has been shown to bind specifically to RNA baits containing elements of the HIV encapsidation signal, illustrating which elements are required for this interaction (5) .
Initial attempts to utilize the yeast three-hybrid system to study MMLV Gag-binding showed little to no RNA-binding specificity with an MMLV Gag prey (5) . Here, this issue is revisited, and the yeast three-hybrid system is successfully used to study the MMLV Gag-⌿ interaction. In this system, MMLV Gag has little affinity for RNA baits containing only SL-C and -D, while RNA baits containing multiple RNA elements or the entire packaging signal display a positive and specific interacting ability. Some mutations to the packaging signal, which have previously been shown to greatly impair packaging in vivo, had no effect on the MMLV Gag-interaction in this system.
MATERIALS AND METHODS
Plasmid construction. Saccharomyces cerevisiae three-hybrid components were generously provided by Marvin Wickens (12, 37) . Standard cloning techniques were employed, and PCR was performed with the ExpandHiFi PCR kit (Roche). RNA baits were PCR amplified from the MMLV proviral DNA in the plasmid pNCA (14) and cloned into the RNA expression vector pIIIA/MS2-2 at SmaI and SphI sites (oligonucleotide sequences available upon request). Site-directed mutagenesis was conducted by two overlapping rounds of PCR with mutationspecific inside oligonucleotides and vector-specific outside oligonucleotides (sequences available upon request). All cloned regions were confirmed by sequencing. The VL30 RNA expression vector (HaMSV-MS2) has been previously described (5) . The GADMoGag prey expression plasmid contains the complete MMLV Gag gene cloned into the Gal4 activation domain vector, GADNOT, at the BamHI and SalI sites as previously described (27) .
Yeast three-hybrid assay. (37) . Plasmids were transformed by the standard lithium acetate method (38) . Colonies were qualitatively and quantitatively assayed for ␤-galactosidase activity by filter lift and o-nitrophenyl-␤-D-galactopyranoside (ONPG) liquid assays, respectively, as previously described (40) .
Screen for Gag-interacting MMLV RNA regions. To construct the random MMLV RNA expression library, the plasmid PNCS, containing an MMLV provirus genome, was fragmented by nebulization, where hydrodynamic forces are used to shear DNA into small fragments (39) . These fragments were "polished" with polymerases, phosphorylated with T4 polynucleotide kinase (New England Biolabs), and then size fractionated by agarose gel electrophoresis. DNA fragments of approximately 100 to 500 bp were blunt end cloned into the yeast RNA bait expression construct, pIIIA/MS2-2, at the SmaI restriction site. Approximately 20,000 independent clones were generated in this manner, a number large enough to represent the entire 10-kb PNCS plasmid. Yeast colonies cotransformed with this library and GAD-MoGag were looked for by a filter-lift assay. Colonies exhibiting higher than background ␤-galactosidase activity were isolated and expanded. Total cellular DNA was purified from these yeast cells and electroporated into KC8 bacteria to rescue the RNA expression plasmid for sequence analysis.
Northern blot analysis of RNA bait expression in yeast. The equivalent of one OD 600 (optical density at 600 nm) unit of yeast expressing varied RNA baits, grown in culture to log phase, was pelleted for each RNA preparation. Cell walls were removed by zymolyase (Zymo Research, Orange, Calif.) digestion, and total RNA was extracted using an RNeasy RNA miniprep kit (Qiagen), according to the manufacturer's instructions. Total RNA (1.5 g) was resolved by denaturing formaldehyde agarose gel electrophoresis and transferred to nylon membranes. For a probe, a PCR fragment of the dual-MS2 coat sequences, generated by amplification of the vector pIIIA/MS2-2 with oligonucleotides MS2-2F (5Ј TGG GAG CTG CGA TTG GCA GAA TTC CGG CTA GAA CTA GTG GAT CCC CCG GG) and MS2-2R (5Ј CTG CAG ACA TGG GTG ATC CTC ATG TTT TCT AGA GTC GAC CTG CAG GCA TGC), was 
RESULTS
Establishing the yeast three-hybrid assay for the MMLV Gag-RNA interaction. Previous efforts to study the MMLV Gag-⌿ interaction in the yeast three-hybrid system detected only weak, nonspecific binding between an Gal4AD-MMLV Gag (GAD-MoGag) prey and an RNA bait containing SL-C and SL-D of MMLV ⌿ (nt 305 to 381 of the MMLV genome) (5) . Since the Gag prey was well expressed and behaved well in yeast two-hybrid assays (3, 18, 27) , it seemed likely that the failure of the previous yeast three-hybrid assay was due to the lack of a suitable RNA bait.
To create a more appropriate RNA bait, various regions of the MMLV genome were cloned as RNA baits and tested for GAD-MoGag-binding activity in yeast. In accordance with the previous study (5), reporter activation with an RNA bait containing SL-C and SL-D was barely above the background level, as determined by an assay against an RNA bait expressed from the empty RNA expression vector (Fig. 2 , empty vector and RNA bait 305-381). The nonspecific RNA-binding activity of the Gag prey likely reflects a bona fide characteristic of MMLV Gag and should not disqualify this prey. An RNA bait containing SL-A through -D (MMLV nt 212 to 381) exhibited a significant interaction with the Gag prey, as the reporter activity in this assay was nearly threefold that of the background level (Fig. 2 , empty vector and bait 212-381 UUUU). This increase over background levels provided the first evidence of a positive and specific interaction between MMLV Gag and ⌿ in the yeast three-hybrid system.
The RNA bait in the yeast three-hybrid system is expressed from an RNA polymerase III (Pol III) promoter. Therefore, it may be difficult to express full-length RNA baits that contain uridine repeats, which function as Pol III transcriptional terminators (19) . A grouping of four uridines is generally considered a weak Pol III terminator, while five or more uridines usually result in complete Pol III transcriptional termination. The presence of either a weak or strong Pol III termination signal in an RNA bait would typically reduce or prevent production of a full-length RNA species and thus interfere with examination of interactions with such a bait in the yeast threehybrid system. Examination of the MMLV ⌿ region showed that four uridine stretches were present, with two regions of four and five uridines each (Fig. 1C ). The ⌿ bait tested above (bait 212-381) encoded a single group of four uridines at nucleotide positions 262 to 265. To determine whether expression of this RNA bait was impaired by this putative Pol III terminator, this stretch of uridines was disrupted by site-directed mutagenesis (UUUU to UCAU, see Materials and Methods), and the mutant bait was tested in the yeast three-hybrid assay for interaction with MMLV Gag. Disruption of this putative terminator increased Gag-binding ability to nearly fourfold over the background level (Fig. 2 , empty vector and bait 212-381 UCAU), a reporter signal 1.4-fold greater than for the unmodified RNA bait (Fig.  2 , bait 212-381 UUUU and UCAU). The enhancement of reporter activation caused by disruption of this putative termination signal was viewed as significant, especially considering that the repeat of four uridines may be only a weak terminator. To avoid premature transcriptional termination of RNA baits in subsequent experiments, all baits were constructed with putative Pol III terminators disrupted by site-directed mutagenesis.
To further demonstrate that the reporter activity observed in these yeast three-hybrid assays reflected specific MMLV Gag-RNA-binding activity, an RNA bait containing the rodent VL30 retrotransposable element was tested for interaction with the MMLV Gag prey. The VL30 sequence functions as the packaging signal for the Harvey murine sarcoma virus (HaMSV) and, although it bears little to no sequence or structural similarity to MMLV ⌿, has been shown to allow efficient MMLV packaging of exogenous RNAs (21, 41) . Reporter activity when the Gag prey was tested against the VL30 RNA bait was approximately 2.5-fold higher than with the empty RNA expression vector alone (Fig. 2) , indicating a specific MMLV Gag-VL30 interaction. This result suggests that the yeast three-hybrid assay faithfully reflected MMLV Gag RNA-binding preferences.
Mapping the Gag-binding region. To further define the MMLV RNA regions required for efficient Gag binding, a series of overlapping RNA baits, spanning much of the MMLV 5Ј untranslated region from the MMLV transcriptional initiation site to nt 441 ( Fig. 3A and B ), was constructed and tested for Gag interaction capacity. Putative Pol III terminator sequences were disrupted by minimal nucleotide substitutions. The ability of these RNAs to interact with the Gag prey was scored by reporter activation in the yeast three-hybrid system (Fig. 3A and B) .
In the yeast three-hybrid system, only RNA baits containing MMLV ⌿ sequence demonstrated appreciable GAD-MoGag binding; no Gag-interacting RNA sequences were evident 5Ј of (Fig. 3A ). An RNA bait comprised of the entire MMLV genome 5Ј of the SD (Fig. 3A , bait 1-211) showed only background reporter activity, indicating that no specific Gag-binding elements were present in this region. In addition, the Gag-binding activity of an RNA bait was never increased, and often decreased, by the inclusion of sequence 5Ј of the SD.
To define the sequences within ⌿ most important for interaction with MMLV Gag, a series of overlapping RNA baits representing various regions of ⌿ was tested against the Gag prey in the yeast three-hybrid system (Fig. 3B) . No single RNA structural element appeared capable of strongly interacting with Gag in this system, as RNA baits containing these small MMLV regions within ⌿ showed little to no reporter activa- tion above background levels. Larger combinations of multiple RNA elements displayed GAD-MoGag interaction levels significantly above background levels. The highest signal was achieved when the MMLV Gag prey was assayed against the two longest RNA baits (Fig. 3B , baits 212-404 and 212-441). These RNA regions were larger than the previously defined minimal ⌿ region (bait 215-400) (1) and included not only SL-A through SL-D, but one or two additional predicted downstream SLs. To rule out the possibility that RNA bait expression level or stability differences affected the above assays, the steady-state levels of RNA baits were examined by Northern blotting. RNAs were isolated from yeast cells, resolved by agarose gel electrophoresis, and transferred to nitrocellulose membrane, and the ⌿-MS2 RNAs were detected by hybridization with a probe specific for the MS2 coat protein-binding sequences. All RNA baits were expressed at approximately equal levels (Fig.  3C) . Importantly, no correlation between RNA abundance and reporter activation was observed. These results indicate that the differences in reporter activity with different RNA baits are not a consequence of steady-state expression differences between these RNAs in yeast.
Mutations known to disrupt RNA packaging have no effect in the yeast three-hybrid assay. A number of studies have analyzed the MMLV RNA structures required for packaging during viral replication in vivo, but these studies did not directly examine the interaction between Gag and the viral RNA. Therefore, it was of interest to test how mutations previously shown to impair RNA encapsidation in vivo would affect the interaction with MMLV Gag in the yeast three-hybrid system. A report from Fisher and Goff (17) described an analysis of the effects of MMLV ⌿ mutations on in vivo RNA encapsidation and viral spread. In this study, SL-C and SL-D mutations were shown to have dramatic effects on viral RNA packaging. Two such mutations were placed in ⌿ as RNA baits and tested for their effects on the Gag-⌿ interaction in the yeast three-hybrid system.
One mutation tested, a disruption of the top of the stem region of SL-C (SL323-6 [ Fig. 4A]) , caused an in vivo deficiency in RNA packaging (Ͼ10-fold by RNase protection assay of purified virions) and a delay in viral spread (approximately 2 or 3 days by reverse transcriptase assay) (17) . To assay the effects of this mutation in the yeast three-hybrid system, this mutation was incorporated into progressively smaller regions of ⌿ containing SL-C RNA baits, and these RNAs were assayed for interaction with GAD-MoGag. When compared to wild-type baits, these mutant baits interacted equivalently with the MMLV Gag prey (Fig. 4B) . Even a bait that contained only SL-C (nt 305 to 354), although a very weak interactor, bound identically to Gag with or without this mutation, ruling out the (17), were tested in the context of the strongest Gag-binding RNA bait (nt 212 to 441) in the yeast three-hybrid system. The SL355-4 mutation disrupts the base and top of the SL-D stem. This mutation reduced RNA incorporation into virions by more than 100-fold and severely disrupted replication ability, almost abolishing viral spread as detected by reverse transcriptase assay (17) . A second SL-D mutation, G364A, changed the first G in the SL-D tetraloop to an A. This mutation was previously shown to almost completely disrupt viral replication in vivo (17) . Surprisingly, neither of these mutations had any detectable effect on the ability of the MMLV RNA bait (bait 212-441) to interact with the Gag prey in the yeast three-hybrid system (Fig.  4D) . These results indicate that these ⌿ mutations do not affect the interaction with the Gag precursor protein per se and suggest that these sequences, previously thought to constitute the core MMLV encapsidation signal, are dispensable to the MMLV Gag-RNA interaction.
Screen for Gag-interacting RNAs. As an alternative approach to define MMLV ⌿ and to search for additional cryptic binding sites, the MMLV genome was screened for high-affinity Gag-binding RNA sequences. Randomly generated MMLV genome fragments were cloned into the MS2-RNA expression vector. This RNA expression library was then screened against the Gag prey, with positive clones identified by filter lift assay (see Materials and Methods). Of 1,500 yeast colonies screened, 9 positive clones were isolated (Fig. 5) . Seven of these positive clones encoded MMLV RNAs cloned in the reverse orientation, such that they represent antisense RNAs (Fig. 5) . The significance of the binding of these RNAs by Gag, if any, is unknown. Since these elements would not be expressed in an infected cell in packageable RNAs, these interactions were considered irrelevant to the normal life cycle of the virus. Two hits contained MMLV sequence cloned in the correct, sensestrand orientation (Fig. 5) . These baits contained nonidentical, overlapping portions of the MMLV ⌿ region. Hit 2.10 encompassed the RNA region from the viral promoter through the first half of SL-C (MMLV nt 53 to 334) and was measured by ␤-galactosidase assay to give a signal approximately threefold over background levels. Hit 2.6 contained SL-C and SL-D plus a small amount of flanking RNA (MMLV nt 304 to 376) and interacted weakly over the control. Although these RNAs showed only weak binding, their recovery suggests that, of the short sense RNAs from the viral genome, the 5Ј ⌿ region contains those sequences with the highest Gag-binding affinity.
DISCUSSION
In this report, the yeast three-hybrid system was used to study the interaction between MMLV Gag and the RNA packaging signal, ⌿. Although the MMLV Gag prey exhibited some nonspecific RNA-binding activity, most likely a characteristic of the native viral protein, a specific interaction between this protein and viral RNA sequences involved in genome packaging could be detected and quantified. By testing defined MMLV sequences in the assay, the minimal Gag-binding sequences of MMLV ⌿ were mapped (Fig. 3) . No individual short RNA structural elements displayed high MMLV Gagbinding activity (Fig. 3B) . The RNA bait exhibiting the strongest MMLV Gag interaction contained the majority of the previously described ⌿ region (Fig. 3B, bait 212-441) . In addition, no specific MMLV Gag-binding sites were detected 5Ј of the MMLV SD (Fig. 3A) in accordance with the notion that packaging elements should be present only in full-length viral RNA and not in the subgenomic env transcript.
Screening the MMLV genome successfully identified fragments of the packaging region as Gag-interacting RNAs, while no other binding sites in the sense orientation of the viral RNA were isolated (Fig. 5 ). In this screen, isolation of ⌿ regions may have been complicated by the presence of Pol III terminators throughout this region, as discussed above. Generation of an RNA expression library from a proviral plasmid with engineered disruptions of these terminators may be required for a more comprehensive screen of Gag-binding sequences. Regardless, this screen suggests that high-affinity Gag-binding sequences in the MMLV genome are predominantly located to the previously defined ⌿ region.
Multiple considerations suggest that the RNA structure that serves as the target for Gag binding in the yeast three-hybrid assay may differ significantly from that of the RNA genome during packaging in vivo. In addition, there may well be multiple conformations for the viral RNA, and we cannot know whether the RNA baits have access to all conformations. The RNA being tested is fused to MS2 RNA sequences and thus is not in its normal context. The MS2 sequences could disrupt the folding of the MMLV sequences and might even base pair with them. Although RNA structure predictions made with and without the added MS2 sequences did not indicate significant interactions of MS2 (data not shown), we cannot rule out the possibility that these chimeric RNA baits may fold abnormally.
In addition, the oligomeric state of the MMLV RNA baits in yeast is unknown. These RNA baits are presumably formed as monomers but could dimerize if multiple copies are brought together at high local concentrations by binding to the MS2 protein. The interaction with Gag could also promote dimerization, or otherwise alter the RNA conformation. It should be noted that the importance of dimerization in packaging in vivo is also unclear (15, 16, 22, 33) . The viral RNA is thought to form a weak or unstable dimer early in virion assembly, and then a more stable dimer at later times, after the Gag protein is processed to form NC. The sequences involved in dimer formation overlap with the packaging elements, and it has been suggested that the dimerization of viral RNAs can affect the interaction with NC. In spite of these limitations, the yeast three-hybrid system usefully detects protein-RNA interactions that recreate features of the interaction in vivo. Among the various conformations that may be formed, it is likely that the yeast system will report that conformation that provides the tightest binding and the strongest reporter signal.
A number of other retroviral packaging signals have also been studied recently using the yeast three-hybrid system, including those of Rous sarcoma virus (24) (25) (26) and HIV-1 (5). For the avian retroviruses, studies in this system have identified a high-affinity interaction between the Gag protein and a large viral RNA element with complex secondary structure (24) . This interaction was impaired by a wide range of mutations affecting the RNA, altering not only secondary structures, such as stem and bulge elements, and but also changing sequences in putatively single-stranded regions (24) (25) (26) . In addition to investigating the RNA elements involved in these interactions, the yeast three-hybrid system has been used to further define the residues of the Gag protein required to bind the viral RNA (24, 25) .
The findings presented here suggest that short RNA elements important for packaging in vivo do not function as simple high-affinity binding sites for Gag. Indeed, the RNA elements thought to be most important for packaging in vivo, the SL-C and D sequences, are not sufficient for tight binding of Gag. Rather, a much longer RNA sequence is apparently required for the best interaction. In addition, much of the SL-C and D structures are not even necessary for strong binding. Mutations that significantly disrupt the loops or the base pairing in the stems of these structures, and that have been shown to disrupt packaging, did not affect Gag binding in the yeast assay (Fig. 4) .
These results are consistent with recent findings suggesting that NC interacts not with nucleotides at the tips of the SL of ⌿, but rather with sequences at the base of SL-B and SL-C (6, 16) . In one of these studies, tests for high-affinity binding of recombinant MMLV NC to RNA oligonucleotides in vitro revealed the requirement for a long sequence extending from SL-B to -D, with only weak interactions observed between MMLV NC and any of several smaller subregions (16) . In addition, the GACG loops of SL-C and -D or the tetraloop of SL-B did not did not appreciably contribute to the interaction, much as we observed here. It should be noted that these in vitro binding experiments were performed with NC, while our binding in yeast utilized the Gag precursor protein. Nevertheless, these correlations suggest that binding in vitro is similar in its RNA sequence requirements to binding as assayed in yeast cells.
It remains unclear what the roles the SL-C and SL-D structures may have in RNA packaging, if they are not involved in direct Gag binding. Perhaps these structures are needed for RNA folding or for intracellular transport to the site of assembly, before the interaction with Gag takes place. Another possibility is that they are important after an initial Gag binding to promote conformational changes in the RNA that might be required for retention during virion assembly. Viral RNA may serve to multimerize Gag precursors and so promote virion assembly itself, and although other RNAs can perform this task in its absence, specific viral RNA structures may facilitate assembly. We suspect that the abilities to rapidly score Gag-RNA binding and to screen and select for mutants with altered affinity in the yeast three-hybrid system will be useful in the future in further defining the requirements in both RNA and protein for their interaction.
